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Abstract 
This project focuses on the winter heating issues on the WPI campus. The Bartlett Center, 
Higgins Labs, and Alumni Gym were chosen for the energy audit. The buildings were analyzed 
using temperature and humidity data loggers, thermal imaging, and heat load calculators. The 
heating systems within each individual building were examined to determine inefficiencies that 
hold potential savings. Regular maintenance, valve inspections, and online suggestion forms for 
plant services are a few of the recommendations with short payback periods. 
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1 Introduction 
Heating a home is a simple task, turn up the thermostat, turn on the boiler and the house 
begins to warm. Suppose that each room is its own mini building, each with a different amount 
of heat loss. How do you control the temperature in the individual rooms now? A college campus 
is similar, there is a central power plant that produces steam and sends it to the individual 
buildings that use steam to heat the classrooms and offices. Regulating such a system is difficult, 
especially as the system ages.  
A known problem to the campus of the Worcester Polytechnic Institute is the regulation and 
control of the steam heating system which has been in place since the university’s existence. 
While many buildings have been updated or newly constructed to include electronically 
controlled steam valves or carbon dioxide detectors for ventilation safety, there are still several 
buildings on campus that remain uncomfortable during winter months. This project focuses on 
examining three buildings on campus: the Bartlett Center, Higgins Laboratories, and Alumni 
Gymnasium. The Bartlett Center, home to the admissions department, is the newest building on 
campus having been opened in the spring of 2006. Higgins Laboratories was built in 1942, 
renovated in 1995, and holds the offices and classrooms for the Mechanical and Fire Protection 
Engineering Departments. Alumni Gymnasium was constructed in 1916 and contains the athletic 
offices, a large open gymnasium, pool, locker rooms, and the fitness center. The uniqueness and 
diversity of the three buildings will show trends in heat loss and efficiency among eras of heating 
systems.  
 At one time the powerhouse at WPI made heat and electricity for the campus, however 
today the powerhouse only produces heat for campus through two steam loops, an east and west 
loop.  In the fall of 2005, the powerhouse was renovated and three new boilers as well as the 
latest monitoring systems were installed to provide more reliable service and comply with more 
stringent EPA standards. The technology at the core of the heat generation on campus is up to 
date, but many of the heat outlets and valves in the delivery loops need repair or replacement.  
 The project provides cost effective recommendations to decrease the heat loss of the 
heating systems in the three buildings. Background research and extensive data collection led to 
the recommendations which reflect the budgetary concerns of WPI. Through studying building 
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blueprints, renovation plans, building walkthroughs, thermal imaging and heat load calculations 
we are able to recommend money saving alternatives.
 3
2 Background Information 
There are a variety of heating methods correlated to time of building construction and 
advances in equipment. Typically, older buildings have lower energy efficiency due to high 
infiltration rates and lack of technology. Modern buildings, on average, need less energy to 
maintain the same temperatures as older structures. Energy audits are performed to gain general 
knowledge about the workings and upkeep of the building and its systems.  The basics of heating 
system operation need to be understood before an audit can be performed. The basics include the 
formation of the heat, fuels, heat transfer, and heat loss in radiators. Understanding the building, 
its layout, uses, and specific type of heat is important because of the diversity of the systems. 
Understanding the heat load and insulation level of a given building is necessary in order to 
improve upon current energy conditions. These items are discussed in detail throughout the 
project. 
2.1 Energy Audits  
Energy audits in the professional world are performed by certified inspectors, who may 
or may not be attached to an energy company. A full energy audit encompasses heating, cooling, 
electricity, hot water, and green energy savings. Due to time constraints, this MQP focused 
solely on the heating aspects of the respective buildings.  
The heating system is examined to compare the actual operation with the operation 
specified in the HVAC (heating ventilation and air conditioning) schedule. The HVAC schedule 
is a table of information listed in the blueprints which shows how much heat the heaters should 
be outputting and how much steam, air, and hot water should be used at peak hours. An auditor 
examines windows and doors for weather stripping, caulking, or leaks; even a small leak can 
cause the heating system to work overtime to compensate for the loss of warm air. Insulation, 
wall thickness, window size and type (such as double pane, double hung, or wooden sash) are 
taken into consideration to determine how much heat is lost from the building. Heat load 
calculators, which base their calculations on the principles of heat transfer, can be used to 
determine how much heat the building should theoretically lose; this can then be compared to 
how much is actually lost. Placement of heaters and vents relative to windows, doors, and walls 
is also important in determining heat loss. If heaters are placed near poorly insulated walls or 
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open windows, then the heater is not warming the room properly; energy and money is being 
wasted. 
Energy audits allow homeowners, businesses, or in this case, colleges, to determine how 
well they are using their energy and if they can be more efficient. Simple fixes such as caulking 
windows and weather stripping doors can be large energy savers. Adding heavy curtains can also 
help keep heat in at night and solar insolation (heating by the sun) is a way to add heat to the 
room without using excess fuel. Energy audits are performed at all times of the year, especially 
in the northeast, where temperatures and amount of daylight differ dramatically from season to 
season. Energy auditors look for heat and electricity consumption in the winter and compare it to 
electricity use in the summer. Although most energy audits take a long time to complete, the 
focus of this energy audit made it quick to complete. The information from the energy audit was 
used to determine if efficiency can be increased in any of the buildings.  
Professional energy audits use several types of equipment to find air leaks, water leaks, 
heat loss, and efficiency of heating and cooling systems as well as the building itself, but we only 
have access to a few. Heat load calculators are used to theoretically determine how much heat a 
building should be using. The calculators can be custom made or found online; some are more 
detailed than others. All are based upon floor and ceiling insulation, window square footage, and 
number of doors, among other factors. Infrared cameras are used to find hot or cold spots, water 
leaks, and heat transfer through the building. Infrared thermometers are used to determine 
accurate temperatures on pipes and other specific points. These are the pieces of equipment that 
we used to conduct our audits.  
2.2 Heating System Basics 
  In order to heat the buildings on campus there needs to be a heating system. The heating 
system at WPI starts at the newly renovated powerhouse. Two boilers burn either natural gas or 
#2 fuel oil depending on weekly prices and the third boiler burns solely oil, to heat liquid water 
into steam. The steam leaves the powerhouse as saturated steam at 300°F and 100psi in six inch 
diameter pipes in two loops. Each loop heats an opposite side of campus and each building has 
its own internal system for distributing the steam to rooms and spaces. Most buildings are heated 
by steam; there is a reducing station in the basement of each building which reduces the steam 
pressure before it is used for heating. A few buildings use hot water to heat the rooms. These 
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buildings use a heat exchanger to transfer the heat from the steam to sub-cooled water. Once 
energy is transferred the steam is pumped through the return system to the powerhouse in the 
form of condensate which is then treated and returned again to the boiler.  
 The steam is delivered to a building at a constant temperature, but a thermostat can be 
used to adjust the flow rate of steam that is coming through the pipes. Electromechanical valves 
in the system are connected to the thermostat. Another way to control steam heat is to reduce the 
temperature by adding cold air into the room. This can be done through the ventilation system, or 
in desperation, by opening the windows of the room. Manual valves may also be used to control 
the heat in a building. For examples, before the installation of electromechanical valves in 
Harrington Auditorium, plant services would manually close steam valves before a sporting 
event and open them again afterwards.  
Air handler units are used in buildings to move large amounts of heated air to rooms by 
means of ductwork. Air handler units use either steam or hot water to heat air and the air is sent 
to vents around the building. Unit ventilators (UVs) are used to ventilate the room by using 
either return air from the ducts (inside air) or outside air depending on the occupancy and 
temperature of the room. The higher the occupancy the more the outside dampers open and 
outside air is allowed to enter. This can be a problem in the winter because cold air is being 
allowed in to ventilate the room, but it also cools the room as it ventilates.  UVs are located at the 
perimeter of the classroom for space purposes. In order to make the air more comfortable, the air 
is forced over heating coils (steam or hot water) in the UV to heat the air to a comfortable 
temperature. However, as the air temperature drops, the UVs cannot heat the air sufficiently. 
This is problematic for lecture halls that are designed for 60 people, but only 20 people are in the 
class at one time. There is less body heat warming the air and subsequently the air temperature 
drops.  
In addition to unit ventilators the rooms may also be heated by radiators. Radiators have 
high pressure steam entering on one side, where the high pressure steam is forced to the top of 
the radiator. The steam runs through the top of the radiator; as it begins to lose heat it drops 
towards the bottom of the radiator toward the exit pipe. This type of radiator is mainly found in 
older buildings. Another type of radiator has one long pipe to which fins are attached in order to 
increase surface area and thus increase heating to the surroundings. The entire apparatus is 
covered in a thin metal skin for aesthetic and safety purposes (the fins are sharp). Radiators are 
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placed under windows and on exterior walls for the simple purpose of making it more 
comfortable for people. Windows and exterior walls lose the most warmth to the air. The denser 
cold air then sinks to the floor where it flows across the floor and creates a draft which people 
feel around their ankles. Placing radiators near windows prevents this from happening as the air 
is warmed before reaching occupants in the middle of the room. If radiators were on the interior 
walls then one side of the room would be warm from the radiator and the other would be chilly 
from the loss of heat through the window. Placing radiators under windows does not stop the 
heat from leaving, but rather heats the air so that drafts are not felt. However, placing radiators 
near windows and exterior walls can increase heat loss to the exterior.  
  
2.3 Building Background 
Three buildings, Bartlett Center, Higgins Labs, and Alumni Gymnasium, were selected for 
energy audits. The buildings are too large to complete a full energy audit in the time allotted, but 
the buildings and rooms were selected carefully to give an overview of the building operating 
envelope.  
2.3.1 Bartlett Center  
The Bartlett Center opened in the spring of 2006. Admissions staff occupies two floors 
including offices and meeting rooms. On the first floor there is an open common area with floor 
to roof glass windows that face the quadrangle. The Bartlett Center is heated through forced hot 
water using steam at 5psi. Steam from the powerhouse enters from the basement mechanical 
room of building where it is run through a shell and tube heat exchanger (HEX). From the HEX 
the water is distributed through air handlers and radiators to specific zones through out the 
building and are controlled through automatic valves, which are controlled by several 
thermostats in the building. 
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Figure 1: Bartlett Center 
The Bartlett Center has been designated a Green Building by U.S. Green Building 
Council (USGB), which certifies that buildings meet certain standards. The Bartlett Center 
makes use of natural lighting, natural plant vegetation for landscaping, and the high ceiling acts 
as a natural chimney to help with air circulation in the building. The contractor also recycled 
90% of waste material including asphalt, concrete, cardboard, and metals [22]. The 2006-2007 
winter marks the first heating season that the Bartlett Center will be on the steam loop.  
2.3.2 Higgins Laboratories  
 Higgins Laboratories is one of the most recently renovated buildings on campus, having 
been renovated in 1995. It houses the mechanical, fire protection and biomechanical engineering 
departments along with labs, offices, and classroom space.  
 
Figure 2: Higgins Laboratories 
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Higgins Labs is heated by both steam and hot water received from the steam tunnels. The hot 
water portion of the heat comes from the HEX in the basement which uses coils of steam from 
the tunnels to heat the water. The hot water system heats the laser lab, which was taken off of the 
steam system in the 1995 renovation. The laser lab was creating too much heat and wreaking 
havoc on the rest of the steam system. Hot water is also fed to the air handlers and unit 
ventilators to heat air for the ductwork. However, most of the building is fed off of low pressure 
steam which comes through the pressure reducing station in the basement. The steam is fed to 
perimeter radiators which are controlled by individual hand valves. The unit ventilators are used 
for both heating and cooling depending what is flowing from the air handler. Due to the size of 
the building, only a few rooms are being thoroughly examined for heating efficiency. These are 
the large lecture halls, 116 and 218; both are heated by air coming through the UVs and over hot 
water coils. In addition to the UVs, 116 is also heated by a radiator. Statistics for the actual 
heating units and the radiators are not listed in a schedule on the blueprints.  
2.3.3 Alumni Gymnasium  
Alumni Gymnasium is one of WPI’s historic buildings dating back to 1916, including 
updates to connect Alumni and Harrington and to add additional spaces. Alumni Gym is used by 
many students, faculty, and staff on a daily basis. The lower level houses a six lane bowling alley, 
fitness center, and a 4 lane by 20 yard swimming pool. The main floor of Alumni has offices as 
well as locker rooms and equipment rooms. The upper level houses the old basketball court and 
above is the indoor track and crew training equipment.  Due to the large size of the building we 
have chosen to highlight the fitness center and the basketball court. Alumni uses steam to heat 
the building from the steam tunnels located directly underneath it.  
 9
 
Figure 3: Alumni Gymnasium 
The building is shown to have no insulation, except for the nine inches of brick that 
construct the exterior walls. The gym is heated by several radiators, on the lower level radiators 
run along the short sides of the basketball court. These radiators are low to the ground at knee 
height. The radiators on the top level surround three quarters of the perimeter and are at shoulder 
height for runners on the track and are located underneath the wall of windows. The gym area is 
usually sweltering because all the radiators are on. Because the gym is uncomfortable the 
windows are usually open in the middle of winter to let in cool fresh air in order to properly 
ventilate the vast space.  
The fitness center is located in the basement of Alumni, so its windows are on the level of 
the walkways outside. As such the windows are above head height inside and do not open. The 
room would be comfortable for anyone who is not lifting weights or not running on the treadmill, 
but those using the facilities feel the strain of excess heat and humidity. The direct reasons 
behind the uncomfortable temperatures and humidity need to be investigated and 
recommendations made for correction. 
2.4 Heat Transfer 
 Heat transfer is the flow of thermal energy from one object to another due to a 
temperature difference.  Heat always moves from high to low temperatures, although one can 
feel cold air currents such as drafts. There are three types of heat transfer: conduction, 
convection, and radiation. Conduction is the transfer of heat through direct contact; a pan 
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touching a burner involves conduction. Convection is the transfer of heat to or from a liquid or 
gas due to fluid flow either forced or purely buoyant effects, a pan sitting above a burner 
involves convection. Radiation is the transfer of heat when there is no medium to transfer 
through; instead the heat is transferred as electromagnetic waves. This is how heat is transferred 
in space where there is no air to transfer the heat from the sun to other bodies. This project 
focuses mainly on convection and conduction from inside air to outside air. Heat transfer through 
a wall or other similar medium is likened to electrical currents flowing through resistors in a 
circuit. For heat, each new material is a resistor in series and each resistor has a different value, 
called the R factor. The inverse of R is called U, the conductance. The R-factor is how most 
people measure the amount of insulation in their homes. Most homes have an R-factor of at least 
20. The units for R are dependent on the thickness of the material, the area cross-section through 
which the heat is flowing, and the thermal conductivity of the material. The units for R are in 
length*temperature/energy (meter*Kelvin/watts or foot*Rankine/Btuh), which describes the 
energy as it flows through a length of material following a temperature gradient. The heat 
transfer coefficient is based upon how well heat is transferred through it and its thickness. The 
thicker the material or lower conductivity the higher the R-value and hence reduced heat loss 
through the material. Heat transfer equations are used to determine how much heat leaves a 
building and therefore how much heat needs to be added to remain at a comfortable temperature. 
Overall heat transfer is the change in temperature divided by the sum of the resistances. 
 
 
 
 
 
     
          
 
 
 
                     Figure 5: Heat transfer through a wall 
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In Figure 4 there are three layers of conduction and two convection resistances. The convection 
resistances are from the inside and outside walls to the surrounding air. The temperature 
difference is divided by the sum of the resistance to determine the overall heat transfer q.  
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The resistances can also be calculated using the length of the cross section, the area of the wall, 
and the respective heat transfer coefficient. The overall heat transfer equation is written as 
follows: 
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Where q is the overall heat transfer (watts), L is the thickness of the respective material (m), h is 
the convection coefficient (W/m2K), k is the thermal conductivity of the material in that section 
(W/mK), A is the area of the face of the wall the heat is traveling through (m2), Ti is the inside 
temperature (K), and To is the outside temperature (K). These resistances are the same that were 
discussed above when relating to insulation properties.  
 To determine the total heat transfer from a room, this calculation must be made  for every 
wall in the room and the temperature must be known on both sides of the wall. If the room is 
situated above another heated space the heat transfer through the floor may be neglected because 
ideally the two rooms are at the same temperature and there is no heat transfer. Most of the heat 
loss is going to be through the outside walls and through the ceiling, if the room is not below a 
heated space. In order to calculate the heat transfer including windows the heat transfer 
coefficient for that type of glass must be known and the area of the window. The window areas 
are subtracted from the wall area and the new areas and resistances are added to calculate the 
overall heat transfer. The resistance for the window area is then added to the resistances as well. 
Heat load calculators use these basic equations to calculate the heat loss of a room.  
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3 Methodology 
The research and initial investigation of the project led to objectives which this project 
will complete. The objectives of this MQP are:  
1. Determine if the heating systems are operating efficiently 
2. Determine root causes behind heating inefficiencies 
3. Make recommendations to increase efficiency and save money 
The objectives will be completed through a series of tasks each with their own method. 
The tasks are simple and easy to follow so that they may be repeated for future improvements. 
Tasks to complete include: 
1. Building walkthroughs 
2.  Heat load calculations 
3. Pipe temperature measurement 
4. Thermal imaging analysis 
5. Data logging of temperature, humidity and dew point 
The heating system will be examined by this MQP and the tasks will determine if it is working 
properly, and lend to recommended improvements. The following sections describe each of the 
tasks and how they relate to our objectives. The results from each of the tasks can be found in the 
results section and raw data can be found in the appendices.  
3.1 Walkthroughs 
Building walkthroughs are important to gauge initial building conditions. Walkthroughs 
have occurred while the heating system was not operating and again while it was operating. A 
sample energy audit walkthrough was found on the Washington State University website [23] and 
was modified to fit the specifications of this project. Buildings were scrutinized in a variety of 
different elements including insulation, ductwork, windows, and occupancy.  Knowing the 
buildings before the walkthrough helped determine certain items that would otherwise be 
unknown, for example if windows are left open in cold weather or if the space is comfortably 
heated all the time. A detailed list of all of the specifications can be found in Appendix A. The 
walkthrough of Alumni Gymnasium was completed as a team, while the other two buildings 
were done individually. 
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 The walkthroughs began with a quick assessment of the room that was being analyzed. 
The first observation was the comfort level of the temperature; a room that is too hot without 
heat would most likely be sweltering with the heat on. The number of doors and windows were 
counted and it was noticed if they were opened or closed. The placement of windows and heaters 
with respect to each other was observed and the path for the flow of heat was predicted. Then the 
difference between the comfort levels with and without the heat on was observed along with the 
number of heaters.  
The walkthroughs then moved to the smaller details such as missing caulking, pipe 
insulation, dust in the vents and heaters, leaky pipes and ceilings. These factors all contribute to 
the comfort level of a classroom or gym. 
3.2 Heat Load Calculations 
 Heat load calculators were used to estimate heat loss from the three buildings. These 
calculators use conventional heat transfer theory and apply it to a given building geometry. The 
input required includes room dimensions, number of exposed walls, wall and ceiling insulation, 
type and size of doors and windows, and the date the building was constructed. For the room 
dimensions, the rooms were physically measured since renovations had changed some of the 
dimensions. Wall and ceiling insulation values along with window and door type were found in 
construction manuals from plant services. The calculator results show how much heat the 
building is losing.  
 Because the online calculators require a choice from supplied values, hand calculations 
were also made using the actual material properties. The online heat load calculator takes into 
consideration construction type, whether the room is above or below grade, if rooms are heated 
above or below; these factors are not easily included in the basic heat transfer equations. The 
hand calculations allow for more precise calculations because it is possible to use any R-factor 
rather than a range of factors.  
3.3 Pipe and Surface Temperatures 
Surface temperatures of steam pipes were measured using the infrared thermometer. The 
thermometer is able to take a range of temperatures from -58°F to 1382°F, and also in Celsius. 
Starting from the supply pipe and extending to the control valves a range of temperatures were 
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taken. The temperature before and after the control valves determined if the valves were open or 
closed. The temperatures were also taken along the length of pipe in the radiator. The 
temperature of the heat fins was also taken to ensure that the heat is being transferred properly. 
The temperature gradients along the pipes can be used to determine the function of the system.  
Temperatures were also taken along the floor and walls in order to determine how the heat 
is flowing. For example, in Alumni Gym temperatures were taken every three bricks, or about 
every six inches up from the radiator and out onto the floor a similar distance was measured. The 
temperatures give an average reading of the heat flow outward from the radiator; however the 
thermal imaging camera can give exact temperatures over the whole wall and radiator. 
3.4 Thermal Imaging 
Thermal imaging uses infrared to map the heat in a room. The infrared camera connects to 
a computer that has an LCD screen and saves images in black and white to a 3.5 inch floppy disk. 
In order to have the images in color, with a temperature scale, and on CD, a new way of saving 
images had to be devised. The infrared camera computer was connected to a VCR and from the 
VCR to a TV. A VHS tape was used to record a scan of the room or a specific image, the VHS 
was then recorded onto a DVD. Playing the DVD back in a media player enabled us to take still 
shots and save them. The entire setup was placed on a cart and was wheeled to each room that 
was being imaged. 
  
Figure 6: Thermal imaging setup 
The thermal imaging occurred in all buildings during days in which the temperature was  
30°F or colder. The cold ensured that the heat would be on and that there would be heat transfer 
inside the building. Specific areas pinpointed in the walkthrough acted as a starting point for the 
imaging. In Alumni Gym, the heaters were the first focus, followed by the windows, and the 
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ceilings. As the camera was panned around the room, the temperature scale was changed in order 
to see the temperature of pipes and radiators, windows, and any cold or hot spots that may appear. 
Once the imaging was complete the VHS movie was transferred to a DVD. The DVD was 
reviewed and appropriate still shots that best captured the room were taken. The still shots and 
discussion can be found in the results section.  
3.5 Data Loggers 
Three Lascar USB RH, Temp and Dew Point Loggers (model EL-USB-2) were obtained 
from the microdaq.com store, which measure temperature, relative humidity, and dew point. The 
data loggers are four inches long and about an inch in diameter (see Figure 7: Data Logger), they 
have a USB port and come with software. The software sets up the data logger to record with a 
time delay and to record data at specific intervals. The data logger can store thousands of data 
points, up to eleven days of data when data is taken every five minutes. The software also 
downloads completed data off the logger and puts it into graphical form.  
 
Figure 7: Data Logger 
The data loggers were placed in different rooms for different spans of time of at least 
twenty-four hours, but sometimes more for problematic areas, as in the case of the fitness center. 
They were secured to a surface in the room which would serve as a good indicator of the average 
temperatures in the room. In the fitness center the data logger was attached to the glass wall 
between the two rooms in order to take the average from the two rooms.  
Once the data logger had been placed for the predetermined amount of time, it was 
removed and the data was downloaded using the software. The data were saved to a .txt file, then 
exported into MS Excel. The data in Excel were then transformed into individual columns and 
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graphed as temperature, humidity, and dew point, over time. The full results from the data logger 
can be found in the results section. 
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4 Results 
Walkthroughs audits, data logger, and thermal imaging results are presented and discussed 
here. The results and concurrent analysis delve into the real problems or non-issues of the 
heating system on campus and are discussed here. 
4.1 Walkthroughs 
The walkthroughs provided valuable insight into the effects the heating system has on the 
environment. It also helped determine simple areas that could be fixed and would help save a 
little energy here and there, which can quickly add up. These sections detail each walkthrough 
and full data sheets for each building can be found in Appendix A. 
4.1.1 Bartlett Center 
From speaking with the administrative assistants in the Bartlett Center their opinions on 
comfort were that the temperature of the building was too cold when the air-conditioning is 
running. On the walkthrough which took place on October 3, 2006 it was observed that all of the 
manual controls of the building were pointed to the warm portion of the thermostat as opposed to 
the cool. The day was unusually warm for October and according to www.weather.com the high 
of the day was 72°F. The building was being cooled too much and the occupants were trying to 
counteract the cold by switching the control to warm, however, since the heat was not on, 
nothing happened.  
The Bartlett Center is recognized as a green building and as such has the following 
aspects that make it an efficient building to heat: 
• The main glass doors to the building are sealed tight to keep heat in around the edges.  
• The main entrance utilizes two sets of double doors which help keep the lobby at a 
comfortable temperature and not subject to drafts when the outside doors are opened 
•  Vents and radiators are clean and unobstructed.  
• The lobby has baseboard heat running along the length of the floor to ceiling windows. 
This adds heat to the room so that the heat escaping through the windows does not create 
large drafts.  
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If you are sitting at the chairs on the first floor and looking at the view of the quad you can 
feel a draft of cool air from the balcony of the second floor. This is actually a built in feature of 
the building, it acts as a natural chimney to help increase airflow so that the ventilators do not 
have to work as hard to move air around.   
4.1.2 Higgins Labs 
Higgins Labs consisted of two walkthroughs, one of HL 116 and one of HL 218. Both 
rooms are approximately the same size, stadium seating lecture halls. Neither room has any 
cause for concern as to the operation of the room. Both rooms rely on unit ventilators and 
radiators for ventilation and heat. There are CO2 detectors in both rooms to signal to the 
ventilator when the concentration of CO2 is too high, then the vents will turn on. There are no 
thermostats; the heat is controlled by the manual valves on the radiators. The windows in the 
rooms have weather stripping and are caulked around the edges. It is common for the windows to 
be open in the room when it is too stuffy or warm for a class. Despite their similarities the rooms 
are different in a few aspects.  
In room 116 some windows left open on a cold rainy weekend in October, allowed heat 
to escape to the outside air. Although the windows were open (a frequent occurrence in Higgins), 
the weather stripping on the windows is intact and the windows shut properly. On the weekend 
the UV was still circulating air although the windows were open, no one was in the room, and 
the heat was not on. It is a waste of electricity to keep the air circulating when not needed. It is 
not known why the ventilators were on, but it is possible that it was because the windows were 
open. Except for the manual valve on the radiator there is no way to control the heat in the room. 
Although the space was not occupied, it is known from past experiences that the room is 
maintained at comfort levels when not occupied by a large number of students. Based on 
observations around campus it was determined that the vents on the UVs do not receive enough 
maintenance to keep them functioning at optimal efficiency. Heavy curtains help keep the warm 
air in the classroom when the sun is not shining in the windows. Although the windows face 
northwest, some afternoon sun helps to warm the room.  
HL 218 is directly above 116. Higgins 218 is similar in many ways to 116 but there are 
enough differences to warrant individual inspection. The windows and doors have the same 
weather proofing and heavy curtains to keep in the warmth. HL 218 has one more UV than 116 
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because 218 has a higher capacity. All three UVs were on even though there was no one in the 
room and it had been empty all day. This is a waste of electricity, but more so than 116 which 
had only one UV going. HL 218 recently had its radiator removed because it was no longer in 
active use. Heat now comes from the UVs located in the classroom. It is assumed that the vents 
need to be cleaned (most vents around campus are dirty, dusty, and need to be cleaned more 
often). No thermostat was found, but an occupancy sensor was located at the front of the 
classroom.  
After examining the blueprints and walking through the building it was observed that 
although the blueprints show west facing windows in 218 and there are windows on the façade of 
the building, there are no windows on the west wall of the room. The windows were covered up 
during a renovation to convert 218 from a standard classroom into a stadium seating classroom. 
Had the windows remained the last row of seats would have meet the windows more than 
halfway up; instead they were covered.  
4.1.3 Alumni Gym 
Alumni Gym basketball court is on the upper level of the building and has three outside 
facing walls. The windows in the gym do not align properly, and have no caulking or weather 
stripping. The windows are often broken or cracked as shown in Figure 8. 
  
   
Figure 8: Broken windows in Alumni  Figure 9: Leaky ceiling in Alumni 
The ceiling also has large cracks which leak water onto the gym floor during heavy rains.  
The fact that water can enter the gym through the cracks in the roof also means that heat can 
escape through the same cracks. The gym appears to have thermostats, but at the time of the 
walkthrough, they were not connected to an electromechanical valve. As such the thermostat 
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settings do not reflect the actual temperature in the room, nor do they affect it in anyway. Areas 
that are not used constantly or often should not be heated, this is true in the staircases of Alumni; 
they are not heated. The fact that there is no control in the gym allows the steam system to run 
unchecked, unnecessarily heating the large space and wasting energy and money. Also, the gym 
needs controls because it can become uncomfortable during sports competitions when people are 
exercising heavily. Currently to control the heat in the gym the windows are opened to let out the 
hot air. This also means that excess heat from the radiators is heating the atmosphere. In addition 
the heating pipes traversing from the gym floor to the upper level track are not insulated.   
 
Figure 10: Non-insulated pipes to track 
Uninsulated pipes bring additional heat into the gym which should not be escaping into the gym. 
The water fountain, which is located next to steam pipes, is warm to the touch and outputs warm 
water. Below, the radiators are covered in a thick layer of dust, see Figure 11. 
 
Figure 11: Radiator covered in dust 
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The dust provides a thin layer of insulation so less heat reaches the gym, decreasing the 
efficiency of the radiators. There is no erratic operation of the radiators, but they are on 
constantly, wasting energy. It is possible that the steam system valves in Alumni have failed and 
this is the cause for the constant operation of the radiators. When steam valves fail they fail in 
the open position, so that the space that the radiator is heating does not freeze. This means that 
the steam is running through Alumni unchecked, and the valve must be replaced.  
 The fitness center is on the lower level of Alumni, so that its windows are on the street 
level. Based on conversations with students and from personally using the facilities, the fitness 
center is known to have temperature and humidity problems. The space is supposed to have a 
working dehumidifier and high quality ventilation system, but much of the time it is insufficient. 
During high usage times the temperature and humidity can become uncomfortable for exercising. 
The vents were choked with dust, which slows the flow of air dramatically. The slower air flow 
means that the air quality in the fitness center is reduced; during peak hours this can become a 
health risk. During off peak hours the vents were not on to save electricity, but that also mean 
that the air quality can fall quickly when the usage increases sharply. Alumni Gym 
administrators noted that the dehumidifier system does not work well. In fact it is known the 
dehumidifier shuts itself down when it is overloaded. Overloading can occur during peak hours, 
just when the dehumidification is needed the most. The actual times and drops in humidity were 
recorded using the data loggers and can be found in Section 4.4 of the Results. The fitness center, 
however, is at a comfortable temperature when it is closed and during off peak hours.  
 
4.2 Heat Load Calculations 
 
Heat load calculations are important to determine the efficiency of a building, as defined as 
heat that is lost per square foot. A heat load calculator was found online and downloaded [11]; 
this was the best calculator available for free download. In addition the downloaded calculator 
was checked by using the basic heat transfer equations to determine heat lost through all the 
walls. Calculations were made for each building and the results are presented in this section.  
4.2.1 Bartlett Center 
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Because the Bartlett Center is a green building it was expected to perform exceptionally 
well in the heat load calculator and it did. First the type of wall insulation was found as part of 
the blueprints. Figure 12 (not to scale) represents the heat transfer through a Bartlett Center wall 
from left to right (inside to outside). The first color (gray) is an air-vapor barrier to keep moisture 
out and the drier air inside. The second layer is a rigid insulation which is usually made of hard 
foam. The white layer is an air gap, air is a poor conductor of heat, and thus it is used to keep 
more heat in. The farthest layer to the right is brick veneer which forms the exterior of the 
Bartlett Center. Heat is lost at different rates through each layer and the most accurate heat load 
calculations consider each layer as its own resistance.  
 
Figure 12: Bartlett Center wall cross-section and heat flow 
 
However the downloaded calculator only asks for an overall resistance in the wall, so the total 
wall resistance was found in a plant services construction manual, 22 hr·ft2·°F/Btu. The 
downloaded heat load calculator only allows for selection up to R-20 for resistances. The heat 
transfer calculated by hand found a lower heat load than the downloaded sheet because of this 
10% difference in resistances. The spreadsheet accounted for the infiltration losses through 
ceiling and windows, as well as heat loss above and below grade. These types of losses are more 
difficult to include in the basic heat transfer equation. The overall heat loss for the Bartlett 
Center Lobby, including the glass windows, is 97,200 BTUs/hr. This type of loss can be 
associated with a dollar amount given the number of BTUs per gallon of oil and the price of oil 
per gallon. All of the calculations take into consideration the 86% efficiency of the powerhouse 
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boilers in the gallons per BTU. The price per gallon is an average given by nymex.com (New 
York Mercantile Exchange), the same website used by the powerhouse to determine future oil 
and natural gas prices.  
yearyear
days
day
hr
hr
hrgalhr
gal
hr
gal
BTU
gal
hr
BTU
3220$902450.1$
50.1$90.1$785.
785.
840,123
200,97
=××
=×
=×
 
Based upon the heat load calculator and the above calculations, the lobby of the Bartlett Center 
costs $3220 per winter to heat. Oil can only be burned for 90 days during the year due to EPA 
regulations, but the powerhouse may or may not use all of the allotted days, it depends on the 
price of natural gas.  This is a reasonable amount to pay for fuel to be heating the lobby, 
especially when considering the amount of glass in the building.  
 The presentation room, which is to the left of the lobby, has a lower load than the lobby; 
the room is smaller and it has much less glass than the lobby. The heat load calculations gave 
19,100 BTUs/hr which is much less than the lobby. Using the same calculations as above: 
yearyear
days
day
hr
hr
hrgalhr
gal
hr
gal
BTUS
gal
hr
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00.630$902429.0$
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The presentation room costs $630.00 when burning number 2 fuel oil to heat per year.  When 
added to the lobby, the total heat load is for the two rooms is 116,300 BTUs/hr which 
corresponds to a 90 day heating cost of $3,304. Although we have not taken into account the 
other rooms, the heat load for the Bartlett Center is low when compared to other buildings on 
campus.  
4.2.2 Higgins Labs 
Higgins Labs, although renovated in 1995, shows its age, especially through the heat load 
calculator. The insulation in Higgins involves a layer of brick, gypsum board, batt insulation, and 
an inside layer of gypsum board.  
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Figure 13: Higgins Labs Wall Cross Section 
The wall itself is 6.125 inches thick, with the batt insulation making up most of the 
insulation. The overall R value for the walls in Higgins Labs was chosen as 8 for the calculations. 
The physical difference between room 116 and 218 is small, the main difference is the size; 218 
has a larger volume to heat. Higgins 116 has a heat load of 186,000 BTUs/hr and HL 218 has a 
heat load of 187,000 BTUS/hr. The walls in Higgins are all the same, so there is no insulation 
level difference between 116 and 218. These heat loads are both larger than the Bartlett Center, 
which may be surprising when considering the size of the Bartlett Center’s windows.  Using the 
same calculations as for the Bartlett Center, Higgins Labs has:  
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For room 116 it costs $6,160 per winter in heating oil costs. Similarly for 218: 
yearyear
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Higgins Labs 218 costs $40 more per year to heat than 116, due to the increased volume of 218. 
Most of the heat in these rooms is lost through the windows. Not taken into account is that both 
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rooms have curtains over the windows, which helps reduce heat loss. Some assumptions need to 
be made about the drapes and windows: the glass is .125 inches thick, the curtain to window 
spacing is 3.5 inches, the conductivity of glass is .81(BTU/hr ft °F), the conductivity of the 
drapes is .035, the drapes are .01625 inches thick, and an estimated R value for outside air is    
.25 (hr ft2 °F)/BTU. The R-value for the curtains is based upon un-insulated fabric [18]. The heat 
transfer changes for these two scenarios. Without the drapes the heat travels from the room, 
through the window pane, to the outside air. With the drapes in place the heat travels from the 
room to the drapes to the air between the drapes and the window, to the window, and to the 
outside air. So, the total resistance factor for both of these scenarios: 
No Curtain 
93.225.268. =++=
++=
total
outairwindowinairtotal
R
RRRR
 
Curtain 
18.425.21.115.68. =++++=
++++=
total
outairwindowgapairdrapeinairtotal
R
RRRRRR
 
So the curtains reduce the heat loss by about 30%: 
%30100*
18.4
93.21 =−  
So for HL 218 having drapes reduces the heat lost to: 
0 BTUs/hr   131,00000,187*7. =  
This savings in heat loss results in monetary savings as well: 
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HL 116 also saves 30% in heat losses by adding the curtains: 
0 hrBTUs /000,130000,186*7. =  
0 340,4$6200$*7. =  
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Having the uninsulated drapes reduces the total cost for both rooms by $3,700, when considering 
how to save. These curtains were assumed to be uninsulated; insulated curtains can reduce heat 
loss by 48%.  
4.2.3 Alumni Gym 
Alumni Gym had the highest heat loss for any of the buildings observed. Both the fitness 
center and the gym faired poorly in the heat load analysis. Alumni Gym has no insulation, its 
façade is made up of 9inches of red brick and the fitness center walls are formed from the 
foundation and some gypsum board. Alumni has estimated heat losses of 1,330,000 BTUs/hr for 
the gym and 438,000 BTUs/hr for the fitness center. These heat losses can be attributed to lack 
of insulation and high level of infiltration through joints and window seals. The costs of the 
heating the gym is 
yearyear
days
day
hr
hr
hrgalhr
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The gym alone costs $43,800 to heat per year. In addition to the poor construction and lack of 
insulation, the gym also has a high level of infiltration for many reasons. Windows in the gym 
are broken often; a thermal image of a broken window can be seen in Section 4.3.3. A broken 
window can let as much as 587,582 BTUs/hr escape the building (see Appendix C for 
calculations), assuming the outside air is 38°F and the inside air is at 68°F. A broken window 
letting out that many BTUs/hr costs $7.75 in oil per hour. Thus over a two day period, while 
waiting to be fixed, a broken window costs WPI $372. Estimated repair costs is under $100, 
assuming that labor is $30/hr, the glass is $20 and it takes 2 hours to fix. The question then 
becomes, how long does a broken window go unnoticed and how long does it take for it to be 
repaired? In addition to the broken windows, the joints and seals around framing are maintained 
well and reflect that the building is 92 years old. These infiltration losses were included in the 
overall heat loss for the building, at 173,000 BTUS per hour. 
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 The fitness center’s heat load of 438,000 BTUs/hr is also due to lack of insulation. The 
heat loss is lower than the gym because the area is smaller and because it is below grade. The 
earth around the fitness center helps to insulate the room. 
yearyear
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The fitness center costs $14,500 per year to heat on #2 oil. Infiltration losses account for 18,733 
of the overall heat load, which is $621 per heating season. Although the fitness center is not as 
insulated as the Bartlett Center and Higgins Laboratories, its heat loss is better than the gym. The 
cost of heating the rooms in each building is compared by calculating the total cost per heating 
season with the area of the rooms ($/ft2). The Bartlett Center costs $1.37/ft2, Higgins Labs costs 
$2.04/ft2, and Alumni costs $3.94/ft2.  Alumni Gym (gym and fitness center) is nearly three 
times as expensive as the Bartlett Center and nearly twice as expensive as Higgins Labs to heat 
per square foot.   
4.3 Thermal Imaging  
All of the thermal imaging data was taken during cold weather days (30°F or colder) 
during January and February 2007.  The temperature scale ranges from purple (coolest) to red 
(warmest). A black area signifies temperatures colder than the set temperature scale and a white 
area signifies temperatures higher than the temperature spectrum. The thermal images give a 
more complete picture of the heating system in each room.  
4.3.1 Bartlett Center 
 Thermal imaging of the presentation room of the Bartlett Center shows interesting 
gradient patterns on the wall. The source of the gradients is solar heating. The thermal imaging 
was completed around 11am every day, which is when the sun is hitting the presentation room 
directly on the corner where the gradients are seen. The gradient ranges from a high of 78.4°F at 
ceiling level to as low as 60.4°F on the floor level. In the ideal room, the wall temperature would 
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be uniform, rather than the sharp peaks and valleys of the gradient in Figure 14 below. This 
snapshot was taken as the shade was halfway down. The shade is warmer (~75°F) than the bare 
window (60.4°F). This shows that shades, as well as curtains, can be beneficial when heating a 
room with a lot of windows. The shades decrease the heat transfer from room to outdoors.  
 
Figure 14: Presentation Room with Shades 
 
Figure 15: Outside vs. Inside Window 
 Figure 15 shows differences between outside and inside walls. An outside or exterior wall 
is a wall that is bounded on one side the outside environment and on the other side by the inside 
conditioned air. An inside or interior wall can be defined as wall in which the opposing side of 
the wall is inside the building. Both inside walls and outside walls have insulation, however a 
greater temperature change is prevalent in outside walls as opposed to inside walls.  Outside 
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walls are at 62°F, the metal window frame ranges from 37.4°F to 43.4°F and inside walls are 
73.4°F.  
  
Figure 16: Hot/Cold Spots in Window 
 Figure 16 shows a snapshot of a presentation room window and temperatures differences 
at different places along the window. The large white spot is the computer and desk. The window 
is the coldest at the middle of the frame because the metal frame transfers heat from the inside air 
to the outside air faster than the glass does. As a result of the higher rate of heat transfer, the 
metal is colder. The glass also reflects some of the heat that attempts to escape.  
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Figure 17: Mysterious cold spot 
 Figure 17 shows a spot that is significantly different from the surrounding glass in the 
lobby area. The spot is about 54°F in the center while most of the window is about 60°F. The 
reason for this cold spot is unknown. 
 
   
 
  
Figure 18: Cold spots in small windows 
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 Figure 18 shows that the small windows at the upper corners of the large lobby window 
are much cooler than the larger panes. The small windows can be as cold as 37.0°F and larger 
windows have a temperature of 60°F. It is possible that the glass on the sides and in the upper 
corners is of a different type of glass than the rest of the window. The different types of glass 
have a different R-factor, thus a different rate of heat transfer and a different temperature 
gradient on the windows.  
4.3.2 Higgins Laboratories 
The thermal imaging of Higgins Laboratories was conducted on Academic Advising Day 
in February of 2007. Figure 19 shows the right side of HL 218, where the hot spot on the ceiling 
is created by the updraft of hot air from a unit ventilator located on the floor directly beneath the 
hot spot. The actual UV is not in view in the thermal image; it is hidden by the rows of desks, but 
creates a thermal pattern on the back wall and ceiling. The flow of warm air is not directly 
against the back wall, which is why the back wall is not immediately at the highest temperature. 
The highest temperature recorded by the thermal imaging camera was 99.3°F although there are 
white spots on the ceiling which indicate that the temperature is higher than the 99.3°F. Most of 
the heat from the unit ventilator is absorbed by the upper tiles of the back wall and the ceiling. 
 
Figure 19: Right Side Heater in HL 218 
 Figure 20 shows detail of the UV which was not present in Figure 19 due to the rows of 
seating. The purple portion on the left side of the image also shows some of the desk which is 
about 65°F. The heater itself is the warmest at the top where the vents open to heat the classroom. 
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The top of the radiator is at 100°F or higher in some places. The upper right hand side is at 100°F 
while the left side gradient becomes increasingly cooler as it moves towards the floor.  
 
Figure 20: Detail of Right Side Heater in HL 218 
 On the left side of HL 218 the unit ventilator is cooler than the right side ventilator as 
shown by comparing the thermal images in Figure 19 where the wall temperature was about 
100°F versus Figure 21 which was as high as 78°F. The left side of Figure 21 shows the heat 
produced from the unit ventilator (bright white) while the right side shows the wall pattern 
resulting from the heat given off from the UV.  
 
  
Figure 21: Left Side Heater in HL 218 
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Figure 22: Closed Curtain in HL 218 
 Figure 22: Closed Curtain in HL 218Figure 22 shows cool air on the lower part of the 
walls (53.6°F) and warmer air on the upper part of the walls (65.6°F). The thick curtains in the 
classroom help keep the heat from leaving the classroom by providing another layer of insulation 
for the room. As shown in Figure 22 the curtains are a higher temperature than the corresponding 
height on the wall. The warmer temperatures show that the curtains keep the heat in the 
classroom. The upper portion of the curtains is warm from trapping heat as it rises inside the 
curtain.   
  
Figure 23: Windows in HL 218 
 In Figure 23 the images of open curtains in two temperature spectrums show the detail of 
the window frame, the window panes and wall temperatures. Without the curtains present the 
windows are at 55°F and when the thermal camera tuned into the coldest section (the open 
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windows) the reading was 17.7°F. Curtains prove to be an effective measure of preventing the 
warm air from escaping out through the window panes.  
 
 
Figure 24: Radiator in HL 116 
 Figure 24 is the radiator in HL 116. The image shows how the supply is fed through the 
top of the radiator and as the steam is passed through the fins cools and flows downward to the 
bottom of the radiator. The right side of the radiator is much warmer than the left, possibly due to 
a higher pressure on that end of the pipe.  
4.3.3 Alumni Gymnasium 
For Alumni Gym, the “left side” is defined as walking through the double doors to the 
gymnasium and looking to the left side. In this reference frame, the campus center is straight 
ahead, Harrington is to the left, Higgins Labs is to the right, and the Bartlett Center is behind.  
Figure 25 below highlights how steam heat is distributed through the pipes and radiators 
on the court level of Alumni Gym.  The left radiator section in the snapshot is transferring more 
heat vertically versus the right side in Figure 26. Transferring the heat upwards is the proper 
direction for heat flow, but it does not necessarily heat the space as efficiently. The main section 
of the radiator is too hot for the temperature spectrum; however the red through purple show the 
temperatures gradient which range from a high of 102°F to a low of 84.5°F. The valleys are 
caused by either an absence of vents on the metal radiator or a gap in fins off of the steam pipe. 
The picture on the left demonstrates the outside temperature of the steam supply pipes ranging 
from 140°F to 160°F; however there are still some white spots.  
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Figure 25: Left Side Radiator of Alumni Gymnasium 
 Figure 26 and the right side shows similar trends to the left side radiators. The two 
radiators on the court level shown in Figure 25 and Figure 26 heat most of the gym. We have 
observed that the radiators on the upper portion of the track are seldom on since the replacement 
of the control valves discussed in Section 5.3. This saves energy and allows the gym to be at a 
more comfortable temperature for those who are exercising. We have observed heating of the 
upper portion of Alumni Gym on days of 10°F or less.  
The thermal image in Figure 26 shows significant temperature differences of at least 36°F 
between the peaks and valleys. Most of the heat is absorbed by the wall above the radiator, but a 
small amount of heat is escaping through the underside of the radiator as can be seen in the right 
of the figure. The peaks and valleys of temperature gradient along the radiators are caused by 
breaks in the fins on the pipes and breaks of heating vents on the radiator. These peaks and 
valleys do not in themselves create an inefficient heating of the space, but the erratic nature of 
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the gradient does add to the condition of the space. Ideally the temperature gradient would be 
uniform across the entire radiator. 
  
Figure 26: Right Side Radiator of Alumni Gymnasium 
  
Figure 27: Heated wall (left side) vs. unheated wall (right side) 
 Figure 27 shows the difference in temperature of a wall that is heated (80°F) and a wall 
that is not heated (69°F). The wall that is not heated is on the right side in both the images; both 
walls are exterior walls with the same outside temperature. The heat on the left wall acts as a 
barrier to escaping heat; the heat stays in the gym. On the right, the heat has no wash of heat 
stopping excess heat from escaping, so heat is lost at a greater rate on the unheated wall. The 
temperature difference between the two walls is roughly 12°F. The snapshot also displays the 
temperature of the water fountain, ranging from 80°F - 87°F, not exactly a refreshing drink.  
 37
  
Figure 28: Broken Window 
 The view from Figure 28 shows the area above the track, including the windows and a 
small section of the ceiling. The thermal image points out the large temperature differences 
between the windows and the outside wall. The windows range from 49.8°F to a high of 55.8°F 
whereas the outside walls range from 60°F to 67.8°F. Near the sill of the windows a green strip 
is noticeable which indicates infiltration. In Figure 28 the black spot on the second window to 
the left is from a broken window and cooler than the particular spectrum range of the camera. 
When the thermal imaging camera was tuned into the broken window, the opening was 12.2°F. 
The window is not broken in the figure to the right.  
  
Figure 29: Significant Temperature Differences 
A second view of the windows and ceiling yields a warm spot in the ceiling. This 
temperature difference could be due to replacement insulation. The temperature difference is 
about six degrees. “Spots” around the top of the window and the bottom of the roofing indicate 
roofing leaks.  
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Figure 30: Ceiling Views 
 Figure 30 again shows spots in the roofing and the right side (near Higgins) were a few 
degrees cooler than the ceiling.  
 
Figure 31: Side Wall and Ceiling joint 
  
 Figure 31 shows a spot on the roof in the lower left. The cool spots can mean leaks or 
lack of insulation or caulk. The yellow spot above the window is a smoke detector which runs on 
electricity and therefore emits a small quantity of heat. 
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Figure 32: right side window 
 Figure 32 and Figure 33 are views of large windows on the right side of Alumni Gym. 
The only difference is a different temperature scale to include wall temperature as well as the 
cooler window temperatures. Warm objects in the snapshots include light fixtures and breams. 
The windows are 50.9°F and cooler. The windows on the top of the snapshot are warmer than the 
middle and lower sections due to colder air falling. Areas of infiltration were found between the 
windows and bricks as shown by the blue and purple areas around the perimeter. The walls range 
from 64.4°F to 70.4°F, 15 to 25 degrees warmer than the window panes. 
 
Figure 33: Right side window in different temperature scale 
4.3.4 Fitness Center 
The Fitness Center imaging was taken on a cold day and at a time when the gym was 
unoccupied. At the time of the taping no one was working out, so temperature of the gym was 
not affected by body heat. The ventilation system was not operating due to the low number of 
bodies in the space; there were a few people cleaning.  
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Figure 34: Wall mounted lights in Fitness Center 
 From Figure 34 it is shown that the interior facing walls are 68.8°F while the exterior 
facing walls are at 65.8°F, which is expected since exterior facing walls have more infiltration.  
The difference is not as large as other rooms because the fitness center is  located below grade. 
The wall mounted lights emit heat to raise the temperature of the surrounding area by 3°F - 6°F.  
 
Figure 35: Cardio equipment near the window 
 Figure 35 is a snapshot of the outside wall facing in the direction of the Bartlett Center. 
The windows range from 55°F to 61°F. There are minor losses from infiltration as can be seen 
by the greens around the edges of the windows which correspond to a temperature of 60°F.  
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Figure 36: Vent (left) and lights and vent (right) 
Figure 36 shows the small temperature difference of the vents. The low difference of 4°F 
is due to the inactivity of the ventilation system. The right frame demonstrates that the lights 
(white) are warmer than the vent (black). 
4.4 Data Logger 
 Humidity can be defined as the amount of water vapor in the air. Healthy ranges of 
humidity for indoor environments are between 35% and 45%. High humidity can cause physical 
harm and damage to buildings. Human related effects can be as mild as itching, sneezing and 
coughing but as severe as worsened asthma conditions and bronchial diseases. Building damage 
can range from dust mite growth, mold growth and rotting. A solid breeding ground for mold is a 
moist environment and a relative humidity level of over 40% [5]. The mold can make the space 
uncomfortable for people who are allergic to mold or fungi. At relative humidity levels of over 
50% allergens thrive and multiply.  
 Temperature is a common property characterizing the amount of internal energy in a 
medium. Every person has their own ideal environment; for example someone may be 
comfortable in a 78°F environment while another person may be perfectly fine in a 62°F 
environment. In Britain there is a minimum working temperature of 56°F for strenuous work and 
61°F for office work [23]. While they have a minimum legal temperature they are also 
investigating into a maximum temperature for different working environments. Comfortable 
temperature for desk jobs is around 72°F while for working out it is 68°F.  
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Temperature Difference of Alumni Gymnasium vs. Women's 
Varsity Locker Room 
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Figure 37: Alumni Gymnasium vs. Women's Locker Room 
 With more than one data logger, it was possible to do side by side comparison of 
buildings with all variables remaining constant (i.e. outside temperature). In the graph above one 
data logger was placed in Alumni Gymnasium and the other data logger was placed in the 
Women’s Varsity locker room. Particular data was taken during a 46 hour span starting at 
12noon on February 5th and ceasing at 10am on February 8th.  The data clearly show that the gym 
was significantly cooler than the locker room. The average temperature of the gym is 66°F +/-
0.8°F while the average temperature of the locker room is 86°F+/-0.8°F. The mode or most 
common temperature of the gym was 66°F while the locker room was 87°F. The highest 
recorded temperature for the gym was 72°F and the locker room recorded a maximum 
temperature of 88°F. Minimum temperature for the gym was 64°F and 85°F for the locker room. 
The gym is much more comfortable for physical activity due to the new replacement control 
valves. The women’s varsity locker room should be checked for faulty control valves due to the 
extremely hot temperature of the room. The gym and locker room both experience peaks late in 
the evening, probably due to varsity practices and intramural games.  
 43
 
Figure 38: HL 116 vs. Bartlett Center vs. Fitness Center 
During January 30th and 31st data was recorded in each of the three buildings that we 
have chosen to study.  The Bartlett Center had the most consistent method of control, and the 
fitness center appeared to be fairly constant except for times of high usage. Higgins 116 had the 
most fluctuation during the late evening and early morning Higgins has the room temperature set 
to decrease to save energy when the building is unoccupied. The Bartlett Center temperature 
remains constant throughout the time period of study. While is appears there is good control over 
the temperature in the room, the presentation room is warm compared to the data collected in the 
fitness center and Higgins. The Bartlett Center is not an after hours building and there is no 
reason why the Bartlett Center stays unusually warm at night. The chart below described the 
statistical functions for the data over the 24 hour period.  
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 HL 116 Bartlett Center Fitness Center 
Average 66 72 66 
Mode 68 72 67 
Max. 72 75 68 
Min. 59 72 65 
STDEV 3.90 0.52 0.63 
Figure 39: Comparing HL 116, Bartlett Center, and Fitness Center 
 From the data collected over the twenty four hour period Higgins 116 is comfortable for a 
classroom environment. The maximum temperature of 72°F falls in the middle of a comfortable 
working environment. The low temperature of 59°F is acceptable since the low occurred at 
5:00am when the building was occupied. The high standard deviation is due to the energy saving 
techniques at night. The Bartlett Center has a temperature of 72°F which is acceptable for work 
and the low standard deviation value relates to a constant temperature through the day and 
evening. The Fitness Center has a lower design temperature of 67°F that is favorable for physical 
activity.  
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Figure 40: Fitness Center 22 hour span 
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Figure 41: Extended Fitness Center Data 
The fitness center was studied intensely and accounted for most of the initial data. From 
the graph it is apparent that humidity control is difficult within the space. When the gym has high 
usage such as 4pm and 7am the humidity is nearing dangerous levels and uncomfortable for 
physical activity. The statistics for the two days are: 
 Jan  22nd  Jan 17th  
 Temp. (°F) Humidity (%) Temp. (°F) Humidity (%) 
Average 66 49 67 43 
Mode 67 41 67 36 
Max. 68 65 71 61 
Min. 64 36  64 31 
STD. 0.82 6.8 0.73 7.84 
Figure 42: Average, mode, max, and min temperatures and humidity for the 22nd and 27th of January 
 Over the course of the data collection a temperature difference of 8 degrees has been 
observed. A low temperature of 63°F on the 22nd and a high temperature of 71°F on the 17th 
prove that the Fitness Center has trouble keeping up with the capacity of the members using the 
space. Nevertheless an average temperature is 66.4°F on the 17th and a 66.8°F on the 22nd is 
present. The danger that the Fitness Center poses is the high humidity levels in highlighted in red. 
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As stated before mold can grow above 40% RH and dust mites can reproduce above 50% RH 
both instances occur on a daily basis for the Fitness Center.  Maximum RH levels are 65% and 
61% respectively. This can pose a threat to mold growth and dust mites which can cause allergic 
reactions in users of the fitness center. 
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5 Recommendations  
We have compiled a list of recommendations for each building to maintain or increase 
heating efficiency and the comfort level of the building. We have made some general 
recommendations as well as recommendations specific to each building and room.   
 The general recommendations can be applied to any building on campus. These 
recommendations are: 
• Establish a preventative maintenance program 
• Valve check and replacement 
• Online suggestion form for students, faculty, and staff 
Maintaining systems so they can operate as intended is crucial to ensuring a comfortable 
environment and longer life for the whole system. The proper upkeep and functionality of the 
dehumidifier system in Alumni will help keep the fitness center comfortable and extend the life 
of the dehumidifier. Regular vacuuming and cleaning of vents and radiators is another form of 
preventative maintenance to keep them operating at optimum efficiency. This recommendation 
does not require extra capital; it can be completed during routine cleanings. Another general 
recommendation includes checking valves in older buildings, such as Alumni Gymnasium and 
Alden Memorial Hall, to look for impending or already occurring failure. Installing new valves 
as necessary rather than waiting years to replace them, will help cut energy costs because excess 
heat will not flow through the pipes unchecked (cost analysis in Section 5.3). We found that 
many of our observations came from people who use the space the most: students, staff, and 
faculty. Plant Services should place a form online for comments, suggestions, and changes in 
room atmosphere to tap into this currently unused resource, which would allow everyone to 
make comments or track the comfort level of the rooms they use the most. Plant services would 
then use these comments to find possible problem spots or to prioritize maintenance.  
5.1 Recommendations for the Bartlett Center 
 We recommend that the Bartlett Center establish a regular preventative maintenance 
schedule. Janitorial staff can aid in the upkeep of the new equipment by checking vents for dust 
and debris and vacuuming it out. The cold spot found on the window during the thermal imaging 
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as seen in Figure 17 should be further examined. This cold spot could be indicative of a weak 
point in the glass or lower quality materials. It is important to determine why the cold spot is 
there before it becomes a problem.  
From the data logger data it can be seen that the temperature in the Bartlett Center hovers 
around 72°F (Figure 38) during the day and throughout the night. Energy can be saved by putting 
the Bartlett Center on a schedule similar to Higgins Labs where the thermostats are turned down 
to 60°F and is then turned back up early in the morning so that it is comfortable by the time the 
building opens. This is especially important because the Bartlett Center is maintained at a high 
comfort level during the day. Turning the heat down at night can save as much as 2% in energy 
costs for every degree that the thermostat is turned down [19,. For the Bartlett Center this results 
in a savings of $66 per degree per heating season: $3304*.02*(72-60°F) = $793] 
The recommendations for the Bartlett Center are summarized as follows: 
• Establish regular maintenance and upkeep schedule 
• Examine cold spot on lobby window 
• Turn heat off at night to save $793 per heating season 
5.2 Recommendations for Higgins Laboratories 
 During building walkthroughs the team observed the unit ventilators in the back of HL 
116 work against each other. One unit was blowing out cool air while the heater on the opposite 
side was blowing out warm air. The heating systems in the room should be programmed so the 
units either blow warm air or cool air. The curtains in Higgins Labs should remain closed on 
nights when the temperature is below 60°F (the low temperature for the room at night) and days 
when it is below freezing. The curtains do decrease the heat loss and are an easy way to continue 
to save energy. In addition it is recommended that the curtains by the radiator in HL116 remain 
closed, so that the heat enters the room and does not exit through the window.  
It is recommended that plant services consider installing reflective insulation or flashing 
behind the radiator. Heat is radiated in all directions from the radiator, so the heat is distributed 
fairly evenly in all directions; thus between 50% and 70% of the heat is lost through the outside 
wall [4]. Insulation in the wall helps to reduce the heat transfer, but installing reflective flashing 
behind the radiator can reflect between 90% and 97% of the radiant heat back into the room, 
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cutting fuel costs between 10% and 20% [9, 17]. Reflective paneling costs around $100 for 10 
panels, which means it will fit behind 10 different radiators of the similar in size to the one in HL 
116. Placing a $10 panel behind the one radiator in Higgins Labs will save anywhere from $381 
to $762 per heating season. This is another inexpensive and relatively easy installation to save 
energy and money.   
5.3 Alumni Gym 
 Due to the often unbearable temperatures in the top floor of Alumni Gymnasium we 
inquired about the effectiveness of two supply valves that lead to heating the upper portion of the 
gym. The valves that we had investigated were supply valves leading to the upper portion of the 
track. It can be seen in Figure 44 that the old control mechanism has withstood a substantial 
amount of wear and it needed to be replaced.  
 
Figure 44: Failed Steam Control Valve 
It was later determined by Plant Services that the valves had failed, resulting in valves stuck in 
the open position, which explains why air temperatures on the track can reach as high as 83°F. 
Immediate action was taken to replace the valves and Plant Services installed two new electro-
mechanical modulating control valves, Figure 45. 
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Figure 45: Broken Control Valve (Left), New Replaced Control Valve (Right) 
Norman Hutchins of Plant Services acknowledges there will be energy savings from the 
replacement, but the replacement was completed foremost as a maintenance matter. Ensuring 
control valves are operational is a primary concern of the group, and if the replacement of the 
control valves had not occurred, the task would be at the top of our recommendation list for 
Alumni Gym. In light of the maintenance repairs, we still recommend that all control valves be 
checked for failure due to the age of the building. The following calculations show the amount of 
heat that was flowing before the new valves and the resulting savings. 
⎟⎠
⎞⎜⎝
⎛
−=
Rout
Rin
PiKL
TinToutq
ln
2
1
 
Equation for heat flow through a circular pipe with an inside radius of Rin and outside radius of  
Rout, pipe length L, thermal conductivity K of the pipe material, and outside and inside 
temperature Tout and Tin respectively. In the gym these variables have the following values: 
L=127.406m 
K=52W/mK (of black iron) 
Tin=224.5°F 
Tout=224°F 
Rin=.0177m 
Rout = .02108m 
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Plugging into the equation gives: 
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The radiator pipes give off 406,000 BTUs/hr when the valves have failed in the open position 
and there is no control to slow the steam flow.    
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If the radiator pipes have a half a degree temperature difference from inside to outside 
(actual temperatures are unknown) then there is 406,000 BTUs/hr flowing from the radiator 
pipes around the track. The heat loss accounts for the pipes double backing on themselves as 
well. The heat running at full open valves costs WPI $150 per day that the valves were in the full 
open position. This means that the $1,832 spent on the new valves paid itself off in just over 
twelve days.  
 Caulking the windows and doors in attempt to seal off all joints is a relatively 
inexpensive method to help insulate the building. Caulking is needed in older buildings as the 
wood, plaster, and other building materials contract and expand through moisture penetrating the 
material and temperature changes cause cracks which allow the conditioned air to exit. 
According to the Michigan State University Extension a 1/8 inch opening between two doors or 
windows is equivalent to leaving a 12 inch window open 6 inches during the winter [13]. An 
opening of this size in Alumni translates to the following calculations; the full calculations for 
this opening are based upon the infiltration for an open window in Appendix C. 
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A 1/8 inch opening between window and frame or between two doors costs $154 per day. 
Having proper seals is important when looking at cost saving initiatives, and caulk is an 
inexpensive fix, as it will be shown. In some instances negligence to sealing window and door 
joints can result in an additional 30% loss of heat around windows and doors. Caulking, an 
airtight substance made of latex or silicone, is inexpensive and does not require expensive tools. 
Silicone caulk is used in the following example because it is the material that best bonds to 
masonry (wall) and wood (window frame). The cost of caulk depends on the size and depth of 
the spaces and cracks around the windows. A tube of caulk covers about 15ft and can be 
purchased at Home Depot for around $4 per tube. A crack larger than 3/8in across or deep needs 
backer rods to fill it first; then the caulk can be applied over it, 1400 feet of 3/8in backer rod 
costs $75. The windows have a perimeter of 112ft by 40ft that could be caulked. Assuming that 
the entire perimeter needs backer rods (worst case), then 152 feet of backer rod is needed at $75 
and about eleven tubes of caulk, $44. Assuming it would take an entire day to caulk the windows,  
Labor: 8hours*$30/hr = $240 
Caulk: $44 
Backer rod: $75 
Total: $359 
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 Installing the caulking lowers the heat loss from 531,000 BTUs/hr to 266,000 BTUS/hr, a 
decrease of 265,000 BTUS/hr, which correlates to a cost savings of $4.07 per hour and $98 per 
day. The caulking and backer rods would pay for themselves in just under four days. This quick 
payback period makes the investment in the caulking feasible. Similar to caulking, weather-
stripping is inexpensive and should be used to insulate movable sections of windows and doors, 
for example at the bottom of the door or from the window frame to the sash. Other 
recommendations include insulating the pipes that run from the gym floor to the track. This will 
keep heat loss down, heat that is not needed in the gym, but it will also protect athletes who 
could run into the bare pipes. The pipes by the water fountain should be of special importance 
because the heat from the pipes is actually heating the water fountain causing the water to be 
almost too warm to drink at times. As was discussed in the results section, one broken window 
pane costs $372 in fuel and costs less than $100 to fix; a window pane should be fixed as soon as 
it is broken. 
• Check and replace failed steam valves, a failed valve costs $150 per day 
• Caulk windows at a cost of $359 and save $98 per day 
• Install weather-stripping on windows 
• Insulate pipes by water fountain and at base of radiators 
• Fix broken windows as soon as they are noticed, one broken pane costs $372 per day 
5.4  Recommendations for Fitness Center in Alumni Gymnasium 
In past years the fitness center at WPI has experienced increased usage. The facilities at 
WPI currently do not meet the needs of users on a regular basis. The main problem with 
overcrowding besides spatial problems is the excessive load that is placed on the air conditioning 
including temperature and humidity sensitivity. From the data collected in the fitness center, 
temperatures can rise as high as 71°F and humidity can rise to 65%; neither of which are 
appropriate for physical activity. We propose adding an additional dehumidifier unit to keep the 
fitness center at a comfortable level since recommended temperatures and humidity for working 
out are 66°F and 50% humidity. Currently awaiting the capital budget review is the expansion of 
the current fitness center, if approved, the dehumidifier should be resized and installed properly 
to maintain a constant temperature and humidity regardless of the number of people in the 
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weight room. According to online dehumidifier calculators the optimal size for a dehumidifier in 
a space the current size of the fitness center and used for similar purposes is approximately 60 
pints per day. This number pertains to the volume of water the dehumidifier is capable of 
removing from the air in the room. If the capital project is approved the dehumidifier will have to 
be resized to the new volume of space. The cost of a dehumidifier is dependent on the brand, size, 
and energy efficiency. For a 60 pint dehumidifier prices range from $300 for a low end 
residential model to $1500 for a model built for indoor pools and fitness centers.  
If the capital funding is not available for this option a no-cost alternative would be to 
breakup team “lifting sessions” into smaller groups. Team sports that require regular lifting 
should break into small groups and then coordinate with other teams to coordinate different off 
peak times to utilize the fitness center. An alternative to breaking into small sections would be to 
keep the fitness center open longer or for more hours during the day. Currently the fitness center 
is closed from 10am to 12noon and after 9pm. The fitness center is closed for one of those hours 
for physical education class and another hour for cleaning. If the cleaning happened after 9pm 
then the fitness center could be open for an extra hour during the day, alleviating some of the 
load on the dehumidifier. In addition to these recommendations, the general recommendations of 
preventative maintenance and vacuuming also apply.  
• Install a new dehumidifier that will be able to handle the capacity 
• Properly size dehumidifiers for the expansion project and for the new athletic 
facility 
• Break teams lifting into smaller groups and spread them throughout the day 
• Open the fitness center for more hours during the day to alleviate load on the 
dehumidifier. 
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6 Conclusion 
The complexities of the WPI heating system mask the true nature of the efficiencies of 
the individual buildings. This project fulfilled its objectives of determining if the Bartlett Center, 
Higgins Laboratories, and Alumni Gymnasium were operating their heating systems efficiently, 
to determine root causes behind heating inefficiencies, and to make recommendations to increase 
the efficiency and save money.  
The heating system for the Bartlett Center is the most efficient, using the fewest BTUs 
per hour and costing the least per square foot. The classrooms in Higgins Laboratories, although 
comfortable, can be heated more efficiently. Alumni Gymnasium costs the most to heat per 
square foot and is the most inefficient heating system of the three buildings in the thermal energy 
audit. 
The Bartlett Center leaves the heat running throughout the night to keep the building at a 
comfortable 72°F. Keeping the heat on when there is no one in the buildings is inefficient and 
increases fuel costs. There were no other heating inefficiencies in the Bartlett Center, but there 
are recommendations to keep it operating at such a level. In Higgins Labs the inefficiencies were 
found to be the unit ventilators, which send hot and cold air into the room at the same time. In 
addition to the inefficiencies Higgins Labs was found to use curtains to help reduce heat loss and 
the heat is also turned off at night to save on fuel costs. Alumni Gym’s core heating inefficiency 
is the lack of control in the gym area. The heat cannot be controlled except by manual valves, 
which are thought to have failed in the open position. The gym and fitness center lack any 
substantial insulation and are known to be excessively heated. Broken windows in the gym add 
to the already high fuel costs in the building. These inefficiencies can be reduced through cost 
saving recommendations. 
There are general recommendations that came up for all three buildings and can be 
applied to any building on campus. These recommendations are: 
• Establish a preventative maintenance program 
• Valve check and replacement 
• Online suggestion form for students, faculty, and staff 
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These recommendations do not require additional capital and act as an early warning system 
for the building heating systems on campus. Recommendations for each building were made as 
follows: 
Bartlett Center 
• Establish regular maintenance and upkeep schedule 
• Examine cold spot on lobby window 
• Turn heat off at night 
Higgins Laboratories 
• Keep curtains closed during heating season 
• Install flashing behind the radiator in HL116 
Alumni Gymnasium 
• Check and replace failed steam valves 
• Caulk and weather-strip windows 
• Insulate pipes by water fountain and at base of radiators 
• Fix broken windows as soon as they are noticed 
• Install a new dehumidifier that will be able to handle the capacity 
• Properly size new dehumidifiers  
• Break team practices into smaller groups and spread them throughout the day 
• Open the fitness center for more hours during the day to alleviate load on the 
dehumidifier. 
These recommendations come with a need for a capital investment. 
Capital Needed for Recommendations 
Building Description Capital (materials and labor) 
Higgins Reflective radiator panel $30 
Alumni Replacing two valves $1832 
Alumni Caulking windows $360 
Alumni Fixing broken windows per pane $100 
Alumni New dehumidifier $1500 
Total With dehumidifier $3702 
Total Without dehumidifier $2202 
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The capital investment for each recommendation also has a savings per heating season attached 
to it 
 
Savings from Recommendations 
Building Description Savings per heating season 
Bartlett Center Turn down heat at night $790 
Higgins Reflective radiator panel $3801 
Alumni Replacing two valves $13,500 
Alumni Caulking windows $8,820 
Alumni Fixing broken windows per pane $4,8402 
Total Savings per heating season $28,330 
 
The total capital investment including the dehumidifier is $3700 ($2200 without). Those capital 
investments lead to a savings of $28,330 per heating season. The savings would be $28,330-
$3700 = $24,630 for the first heating season.  
 WPI depends on the heating system so that the university can function during the cold 
winter months. Although the heating system is working; it is not working as efficiently as it 
could be. The recommendations should be put in place to save money on fuel costs and to keep 
the heating system functional far into the future.  
 
                                                 
1 Assume low end savings for all 
2 Assume that 90 heating days and one pane broken every week for 13 panes broken a year 
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8 Appendix A: Walkthrough Data Sheets 
8.1 Bartlett Center Lobby 
Inspection Checklist        
 
1. Improper alignment and operation of windows and doors allow infiltration    
no        
2. Broken weather stripping and caulking around windows, doors, conduits, and piping   
no        
3. Proper separation (divider, door) from conditioned areas to non conditioned areas  
yes        
4. Lots of glass on exterior walls        
yes        
5. No insulation between conditioned and unconditioned spaces      
no        
6. Ceiling and roof insulation is inadequate or damaged by water     
no        
7. Blinds and curtains are not used to insulate building      
yes        
8. Off-hour activities extend operating hours for energy using systems   
no   
9. Building has extended occupancy areas such as computer rooms   
no   
10. Thermostats on heating/cooling units are vulnerable to occupant adjustment   
yes   
11. Space temperatures are higher or lower than thermostat settings  
no   
12. Thermostat settings have not been adjusted for change in seasons   
yes   
13. Building temperatures are not adjusted for unoccupied periods   
yes   
14. Unoccupied or little used areas are heated or cooled unnecessarily   
no   
15. Heating/cooling equipment is started before occupants arrive and/or is operating during the 
last hour of occupancy   
yes   
16. Air flow to space feels unusually low or is inconsistent from once space to another   
no   
17. Large spaces having low occupancy are maintained at comfort conditions   
yes   
18. Heating/cooling equipment is operating in lobbies, corridors, vestibules and/or other public 
areas   
yes   
19. An excessive quantity of outdoor air is used to ventilate the building   
no   
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20. Outdoor air intake dampers open when building is unoccupied   
no   
21. Return, outdoor air and exhaust dampers are not sequencing properly   
no   
22. Ventilation systems are not utilized for natural cooling capability   
no   
24. Exhaust system operation is not programmed   
no   
25. Air filters or heating/cooling coils do not receive scheduled maintenance   
yes   
26. Duct or pipe insulation is damaged or missing   
no   
27. Air leaks from ducts or plenums are noticeable   
no   
28. Air inlets/outlets are dirty or obstructed   
yes   
34. Steam radiators or other steam equipment fails to heat, or is operating erratically.    
yes   
35. Piping insulation is missing or needs to be repaired   
no   
36. Soot and odors are detected in areas where they are not expected   
no   
38. Hot water radiation units fail to operate   
N/A   
39. Radiators, baseboards, are not providing sufficient heat   
no   
42. Multiple a/c compressors start simultaneously   
no   
43. Chiller evaporating and condensing temperatures are not optimized   
no   
51. Chiller is operating during cold weather to provide a/c   
no   
52. Reheat coils are used to maintain zone temp   
no   
53. Building utilized a dual duct or multi-zone system   
yes   
54. A/C load trips circuit breaker on extremely warm days   
no   
55. Air of inadequate volume or temperature is being discharged through grilles   
no   
56. Chilled water piping and valves and fittings are leaking   
no   
57. Chiller operating is not optimized  
no   
58. Conditioned air or heated water is discarded.   
no   
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59. Daylight is not used effectively   
yes   
60. Lighting is on in unoccupied areas   
no   
8.2 Bartlett Center Presentation Room 
Inspection Checklist        
 
1. Improper alignment and operation of windows and doors allow infiltration    
no        
2. Broken weather stripping and caulking around windows, doors, conduits, and piping 
no        
3. Proper separation (divider, door) from conditioned areas to non conditioned areas 
yes        
4. Lots of glass on exterior walls        
yes        
5. No insulation between conditioned and unconditioned spaces 
no        
6. Ceiling and roof insulation is inadequate or damaged by water      
no        
7. Blinds and curtains are not used to insulate building       
yes        
8. Off-hour activities extend operating hours for energy using systems   
no   
9. Building has extended occupancy areas such as computer rooms   
no   
10. Thermostats on heating/cooling units are vulnerable to occupant adjustment   
yes   
11. Space temperatures are higher or lower than thermostat settings  
no   
12. Thermostat settings have not been adjusted for change in seasons   
yes   
13. Building temperatures are not adjusted for unoccupied periods   
yes   
14. Unoccupied or little used areas are heated or cooled unnecessarily   
no   
15. Heating/cooling equipment is started before occupants arrive and/or is operating during the 
last hour of occupancy   
yes   
16. Air flow to space feels unusually low or is inconsistent from once space to another   
no   
17. Large spaces having low occupancy are maintained at comfort conditions   
no   
18. Heating/cooling equipment is operating in lobbies, corridors, vestibules and/or other public 
areas   
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no   
19. An excessive quantity of outdoor air is used to ventilate the building   
no   
20. Outdoor air intake dampers open when building is unoccupied   
no   
21. Return, outdoor air and exhaust dampers are not sequencing properly   
no   
22. Ventilation systems are not utilized for natural cooling capability   
no   
24. Exhaust system operation is not programmed   
no   
25. Air filters or heating/cooling coils do not receive scheduled maintenance   
yes   
26. Duct or pipe insulation is damaged or missing   
no   
27. Air leaks from ducts or plenums are noticeable   
no   
28. Air inlets/outlets are dirty or obstructed   
yes   
34. Steam radiators or other steam equipment fails to heat, or is operating erratically.    
yes   
35. Piping insulation is missing or needs to be repaired   
no   
36. Soot and odors are detected in areas where they are not expected   
no   
38. Hot water radiation units fail to operate   
N/A   
39. Radiators, baseboards, are not providing sufficient heat   
no   
42. Multiple a/c compressors start simultaneously   
no   
43. Chiller evaporating and condensing temperatures are not optimized   
no   
51. Chiller is operating during cold weather to provide a/c   
no   
52. Reheat coils are used to maintain zone temp   
no   
53. Building utilized a dual duct or multi-zone system   
yes   
54. A/C load trips circuit breaker on extremely warm days   
no   
55. Air of inadequate volume or temperature is being discharged through grilles   
no   
56. Chilled water piping and valves and fittings are leaking   
no   
57. Chiller operating is not optimized  
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no   
58. Conditioned air or heated water is discarded.   
no   
59. Daylight is not used effectively   
yes   
60. Lighting is on in unoccupied areas   
no   
8.3 Higgins Labs 116 
HL 116 
1. Improper alignment and operation of windows and doors allow infiltration   
no 
2. Broken weather stripping and caulking around windows, doors, conduits, and piping  
no        
3. Proper separation (divider, door) from conditioned areas to non conditioned areas  
yes 
4. Lots of glass on exterior walls        
no        
5. No insulation between conditioned and unconditioned spaces     
no        
6. Ceiling and roof insulation is inadequate or damaged by water     
no        
7. Blinds and curtains are not used to insulate building      
no 
8. Off-hour activities extend operating hours for energy using systems   
yes   
9. Building has extended occupancy areas such as computer rooms   
Yes   
10. Thermostats on heating/cooling units are vulnerable to occupant adjustment   
no   
11. Space temperatures are higher or lower than thermostat settings  
no   
12. Thermostat settings have not been adjusted for change in seasons   
no   
13. Building temperatures are not adjusted for unoccupied periods   
no   
14. Unoccupied or little used areas are heated or cooled unnecessarily   
yes   
15. Heating/cooling equipment is started before occupants arrive and/or is operating during the 
last hour of occupancy   
yes   
16. Air flow to space feels unusually low or is inconsistent from once space to another 
no   
17. Large spaces having low occupancy are maintained at comfort conditions   
yes   
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18. Heating/cooling equipment is operating in lobbies, corridors, vestibules and/or other public 
areas   
yes   
19. An excessive quantity of outdoor air is used to ventilate the building   
yes   
20. Outdoor air intake dampers open when building is unoccupied   
unknown   
21. Return, outdoor air and exhaust dampers are not sequencing properly   
unknown   
22. Ventilation systems are not utilized for natural cooling capability   
no  
24. Exhaust system operation is not programmed   
no   
25. Air filters or heating/cooling coils do not receive scheduled maintenance   
yes  
26. Duct or pipe insulation is damaged or missing   
no   
27. Air leaks from ducts or plenums are noticeable   
no   
28. Air inlets/outlets are dirty or obstructed   
yes   
34. Steam radiators or other steam equipment fails to heat, or is operating erratically. unknown 
   
35. Piping insulation is missing or needs to be repaired   
no   
36. Soot and odors are detected in areas where they are not expected   
no   
38. Hot water radiation units fail to operate   
no 
39. Radiators, baseboards, are not providing sufficient heat   
no   
42. Multiple a/c compressors start simultaneously   
no   
43. Chiller evaporating and condensing temperatures are not optimized   
no   
51. Chiller is operating during cold weather to provide a/c   
no   
52. Reheat coils are used to maintain zone temp   
yes   
53. Building utilized a dual duct or multi-zone system   
yes   
54. A/C load trips circuit breaker on extremely warm days   
no   
55. Air of inadequate volume or temperature is being discharged through grilles   
no   
56. Chilled water piping and valves and fittings are leaking   
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no   
57. Chiller operating is not optimized  
no   
58. Conditioned air or heated water is discarded.   
no   
59. Daylight is not used effectively   
yes   
60. Lighting is on in unoccupied areas   
No 
8.4 Higgins Labs 218 
1. Improper alignment and operation of windows and doors allow infiltration   
no 
2. Broken weather stripping and caulking around windows, doors, conduits, and piping  
no        
3. Proper separation (divider, door) from conditioned areas to non conditioned areas  
yes 
4. Lots of glass on exterior walls        
no        
5. No insulation between conditioned and unconditioned spaces     
no        
6. Ceiling and roof insulation is inadequate or damaged by water     
no        
7. Blinds and curtains are not used to insulate building      
yes 
8. Off-hour activities extend operating hours for energy using systems   
yes   
9. Building has extended occupancy areas such as computer rooms   
Yes   
10. Thermostats on heating/cooling units are vulnerable to occupant adjustment   
no   
11. Space temperatures are higher or lower than thermostat settings  
no   
12. Thermostat settings have not been adjusted for change in seasons   
no   
13. Building temperatures are not adjusted for unoccupied periods   
no   
14. Unoccupied or little used areas are heated or cooled unnecessarily   
yes   
15. Heating/cooling equipment is started before occupants arrive and/or is operating during the 
last hour of occupancy   
yes   
16. Air flow to space feels unusually low or is inconsistent from once space to another 
no   
17. Large spaces having low occupancy are maintained at comfort conditions   
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yes   
18. Heating/cooling equipment is operating in lobbies, corridors, vestibules and/or other public 
areas   
yes   
19. An excessive quantity of outdoor air is used to ventilate the building   
yes   
20. Outdoor air intake dampers open when building is unoccupied   
unknown   
21. Return, outdoor air and exhaust dampers are not sequencing properly   
unknown   
22. Ventilation systems are not utilized for natural cooling capability   
no  
24. Exhaust system operation is not programmed   
no   
25. Air filters or heating/cooling coils do not receive scheduled maintenance   
yes  
26. Duct or pipe insulation is damaged or missing   
no   
27. Air leaks from ducts or plenums are noticeable   
no   
28. Air inlets/outlets are dirty or obstructed   
yes   
34. Steam radiators or other steam equipment fails to heat, or is operating erratically. unknown 
   
35. Piping insulation is missing or needs to be repaired   
no   
36. Soot and odors are detected in areas where they are not expected   
no   
38. Hot water radiation units fail to operate   
no 
39. Radiators, baseboards, are not providing sufficient heat   
N/A   
42. Multiple a/c compressors start simultaneously   
no   
43. Chiller evaporating and condensing temperatures are not optimized   
no   
51. Chiller is operating during cold weather to provide a/c   
no   
52. Reheat coils are used to maintain zone temp   
yes   
53. Building utilized a dual duct or multi-zone system   
yes   
54. A/C load trips circuit breaker on extremely warm days   
no   
55. Air of inadequate volume or temperature is being discharged through grilles   
no   
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56. Chilled water piping and valves and fittings are leaking   
no   
57. Chiller operating is not optimized  
no   
58. Conditioned air or heated water is discarded.   
no   
59. Daylight is not used effectively   
yes   
60. Lighting is on in unoccupied areas   
no 
 
8.5 Alumni Gym  
Inspection Checklist        
 
1. Improper alignment and operation of windows and doors allow infiltration 
yes        
2. Broken weather stripping and caulking around windows, doors, conduits, and piping   
yes        
3. Proper separation (divider, door) from conditioned areas to non conditioned areas   
yes        
4. Lots of glass on exterior walls        
yes        
5. No insulation between conditioned and unconditioned spaces      
unknown        
6. Ceiling and roof insulation is inadequate or damaged by water      
yes        
7. Blinds and curtains are not used to insulate building      
yes        
8. Off-hour activities extend operating hours for energy using systems   
yes   
9. Building has extended occupancy areas such as computer rooms   
no   
10. Thermostats on heating/cooling units are vulnerable to occupant adjustment   
no   
11. Space temperatures are higher or lower than thermostat settings  
yes   
12. Thermostat settings have not been adjusted for change in seasons   
no   
13. Building temperatures are not adjusted for unoccupied periods   
yes   
14. Unoccupied or little used areas are heated or cooled unnecessarily   
yes   
15. Heating/cooling equipment is started before occupants arrive and/or is operating during the 
last hour of occupancy   
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yes   
16. Air flow to space feels unusually low or is inconsistent from once space to another   
yes   
17. Large spaces having low occupancy are maintained at comfort conditions   
yes   
18. Heating/cooling equipment is operating in lobbies, corridors, vestibules and/or other public 
areas   
yes   
19. An excessive quantity of outdoor air is used to ventilate the building   
yes   
20. Outdoor air intake dampers open when building is unoccupied   
unknown   
21. Return, outdoor air and exhaust dampers are not sequencing properly   
unknown   
22. Ventilation systems are not utilized for natural cooling capability   
yes   
24. Exhaust system operation is not programmed   
yes   
25. Air filters or heating/cooling coils do not receive scheduled maintenance   
yes   
26. Duct or pipe insulation is damaged or missing   
yes   
27. Air leaks from ducts or plenums are noticeable   
unknown   
28. Air inlets/outlets are dirty or obstructed   
yes   
34. Steam radiators or other steam equipment fails to heat, or is operating erratically.    
yes   
35. Piping insulation is missing or needs to be repaired   
yes   
36. Soot and odors are detected in areas where they are not expected   
no   
38. Hot water radiation units fail to operate   
N/A   
39. Radiators, baseboards, are not providing sufficient heat   
no   
42. Multiple a/c compressors start simultaneously   
no   
43. Chiller evaporating and condensing temperatures are not optimized   
no   
51. Chiller is operating during cold weather to provide a/c   
no   
52. Reheat coils are used to maintain zone temp   
no   
53. Building utilized a dual duct or multi-zone system   
no   
 71
54. A/C load trips circuit breaker on extremely warm days   
no   
55. Air of inadequate volume or temperature is being discharged through grilles   
yes   
56. Chilled water piping and valves and fittings are leaking   
yes   
57. Chiller operating is not optimized  
no   
58. Conditioned air or heated water is discarded.   
no   
59. Daylight is not used effectively   
no   
60. Lighting is on in unoccupied areas   
yes   
61. Pool temperature is too high!   
possibly   
8.6 Fitness Center 
Inspection Checklist        
 
1. Improper alignment and operation of windows and doors allow infiltration    
yes        
2. Broken weather stripping and caulking around windows, doors, conduits, and piping 
yes, caulking on windows        
3. Proper separation (divider, door) from conditioned areas to non conditioned areas   
yes, door is always closed        
4. Lots of glass on exterior walls 
no        
5. No insulation between conditioned and unconditioned spaces 
unknown        
6. Ceiling and roof insulation is inadequate or damaged by water 
water damage        
7. Blinds and curtains are not used to insulate building       
not used        
8. Off-hour activities extend operating hours for energy using systems   
yes, until 9pm   
9. Building has extended occupancy areas such as computer rooms   
no   
10. Thermostats on heating/cooling units are vulnerable to occupant adjustment   
no   
11. Space temperatures are higher or lower than thermostat settings  
yes   
12. Thermostat settings have not been adjusted for change in seasons   
unknown   
13. Building temperatures are not adjusted for unoccupied periods   
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yes   
14. Unoccupied or little used areas are heated or cooled unnecessarily   
unknown   
15. Heating/cooling equipment is started before occupants arrive and/or is operating during the 
last hour of occupancy   
yes   
16. Air flow to space feels unusually low or is inconsistent from once space to another   
no   
17. Large spaces having low occupancy are maintained at comfort conditions   
no   
18. Heating/cooling equipment is operating in lobbies, corridors, vestibules and/or other public 
areas   
no   
19. An excessive quantity of outdoor air is used to ventilate the building   
depends on the time   
20. Outdoor air intake dampers open when building is unoccupied   
unknown   
21. Return, outdoor air and exhaust dampers are not sequencing properly   
unknown   
22. Ventilation systems are not utilized for natural cooling capability   
no   
24. Exhaust system operation is not programmed   
yes   
25. Air filters or heating/cooling coils do not receive scheduled maintenance   
yes   
26. Duct or pipe insulation is damaged or missing   
yes   
27. Air leaks from ducts or plenums are noticeable   
no   
28. Air inlets/outlets are dirty or obstructed   
yes   
34. Steam radiators or other steam equipment fails to heat, or is operating erratically.    
yes   
35. Piping insulation is missing or needs to be repaired   
possibly   
36. Soot and odors are detected in areas where they are not expected   
no   
38. Hot water radiation units fail to operate   
N/A   
39. Radiators, baseboards, are not providing sufficient heat   
N/A   
42. Multiple a/c compressors start simultaneously   
unknown   
43. Chiller evaporating and condensing temperatures are not optimized   
unknown   
51. Chiller is operating during cold weather to provide a/c   
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no   
52. Reheat coils are used to maintain zone temp   
unknown   
53. Building utilized a dual duct or multi-zone system   
no   
54. A/C load trips circuit breaker on extremely warm days   
no   
55. Air of inadequate volume or temperature is being discharged through grilles   
yes   
56. Chilled water piping and valves and fittings are leaking   
unknown   
57. Chiller operating is not optimized  
unknown   
58. Conditioned air or heated water is discarded.   
no   
59. Daylight is not used effectively   
yes   
60. Lighting is on in unoccupied areas   
yes   
61. Pool temperature is too high!   
possibly  
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9 Appendix B: Heat Load Calculations 
9.1 Bartlett Center Lobby 
CUSTOMER NAME: WPI 
ROOM NAME:  Bartlett Center Lobby Area 
 
ROOM  DETAILS         
LENGTH OF ROOM ( FT )  36    # OF OUTSIDE WALLS 2 
WIDTH OF ROOM ( FT )  50    # OF OUTSIDE WALLS 0 
HEIGHT OF ROOM ( FT )  21.5        
          
WINDOW DETAILS   DOUBLE PANE     
TOTAL WINDOW AREA   984.1 SQ FT   
HEAT LOSS THROUGH WINDOWS 15266  
          
DOOR DETAILS    SLIDING GLASS 
TOTAL DOOR AREA   24 SQ FT   
HEAT LOSS THROUGH DOORS  373  
          
WALL INSULATION   R20    
HEAT LOSS THROUGH WALLS  735  
          
CEILING INSULATION   R12    
HEAT LOSS THROUGH CEILING  3915 
 
      FLOOR TYPE  INSULATION LEVEL  
CONCRETE SLAB ON GRADE  YES   R11   
BASEMENT SLAB BELOW GRADE NO   N/A   
FRAME FLOOR     NO   N/A   
HEAT LOSS THROUGH FLOORS  1238 
          
INFILTRATION TYPE   TIGHT  
INFILTRATION LOSSES   6954 
 
         
DESIGN TEMPERATURE DIFFERENCE:  72 DEGREES FAHRENHEIT  
  
TOTAL ROOM HEAT LOSS = 28480 WATTS      
     97202 BTUHS  
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9.2 Bartlett Center Presentation Room 
CUSTOMER NAME: WPI 
ROOM NAME:  Bartlett Center Pres Room 
 
ROOM  DETAILS         
LENGTH OF ROOM (FT)  32.3    # OF OUTSIDE WALLS 1 
WIDTH OF ROOM (FT)  18.83    # OF OUTSIDE WALLS 1 
HEIGHT OF ROOM (FT)  13.33        
          
WINDOW DETAILS   DOUBLE PANE      
TOTAL WINDOW AREA   104 SQ FT   
HEAT LOSS THROUGH WINDOWS 1614  
          
DOOR DETAILS    NO DOORS       
TOTAL DOOR AREA   0 SQ FT   
HEAT LOSS THROUGH DOORS  0  
          
WALL INSULATION   R20    
HEAT LOSS THROUGH WALLS  788  
          
CEILING INSULATION   R12    
HEAT LOSS THROUGH CEILING  1323 
 
      FLOOR TYPE  INSULATION LEVEL 
CONCRETE SLAB ON GRADE  YES   R11   
BASEMENT SLAB BELOW GRADE NO   N/A   
FRAME FLOOR     NO   N/A   
HEAT LOSS THROUGH FLOORS  419 
          
INFILTRATION TYPE   TIGHT  
INFILTRATION LOSSES   1456 
 
         
DESIGN TEMPERATURE DIFFERENCE:  72 DEGREES FAHRENHEIT  
  
 
TOTAL ROOM HEAT LOSS = 5599 WATTS       
     19109 BTUHS 
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9.3 Higgins Laboratories  116 
 
CUSTOMER NAME  WPI 
ROOM NAME:  HL 116 
 
ROOM  DETAILS 
        
LENGTH OF ROOM ( FT )  53    # OF OUTSIDE WALLS 1  
WIDTH OF ROOM ( FT )  40    # OF OUTSIDE WALLS 1  
HEIGHT OF ROOM ( FT )  13.833       
        
WINDOW DETAILS  DOUBLE PANE      
TOTAL WINDOW AREA 119.895 SQ FT  
HEAT LOSS THROUGH WINDOWS 1860 
        
DOOR DETAILS  NO DOORS      
TOTAL DOOR AREA 0 SQ FT   
HEAT LOSS THROUGH DOORS 0 
        
WALL INSULATION  R8    
HEAT LOSS THROUGH WALLS  3135 
        
CEILING INSULATION  
NO INSULATION  HEAT LOSS THROUGH CEILING 42665 
 
FLOOR TYPE  INSULATION LEVEL  
CONCRETE SLAB ON GRADE  NO   N/A   
BASEMENT SLAB BELOW GRADE NO   N/A   
FRAME FLOOR     NO   N/A    
HEAT LOSS THROUGH FLOORS  0 
         
INFILTRATION TYPE  GOOD   
INFILTRATION LOSSES  6919 
 
        
        
DESIGN TEMPERATURE DIFFERENCE 72  DEGREES FAHRENHEIT    
 
 
TOTAL ROOM HEAT LOSS = 54579  WATTS   
     186277 BTUHS 
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9.4 Higgins Labs 218 
CUSTOMER NAME  WPI 
ROOM NAME:  HL 218 
 
 
ROOM  DETAILS        
LENGTH OF ROOM ( FT )  53    # OF OUTSIDE WALLS 1  
WIDTH OF ROOM ( FT )  40    # OF OUTSIDE WALLS 1  
HEIGHT OF ROOM ( FT )  14       
        
WINDOW DETAILS  DOUBLE PANE      
TOTAL WINDOW AREA    119.895 SQ FT  
HEAT LOSS THROUGH WINDOWS  1860 
        
DOOR DETAILS  NO DOORS      
TOTAL DOOR AREA   0 SQ FT   
HEAT LOSS THROUGH DOORS  0 
        
WALL INSULATION  R8    
HEAT LOSS THROUGH WALLS  3178 
        
CEILING INSULATION  NO INSULATION    
HEAT LOSS THROUGH CEILING  42665 
 
FLOOR TYPE INSULATION LEVEL  
CONCRETE SLAB ON GRADE  NO   N/A   
BASEMENT SLAB BELOW GRADE NO   N/A   
FRAME FLOOR     NO   N/A   
 HEAT LOSS THROUGH FLOORS  0 
         
INFILTRATION TYPE  GOOD   
INFILTRATION LOSSES  7003  
        
DESIGN TEMPERATURE DIFFERENCE   72 DEGREES FAHRENHEIT 
   
 
 
TOTAL ROOM HEAT LOSS = 54705 WATTS   
     186708 BTUHS   
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9.5 Alumni Gymnasium 
CUSTOMER NAME: WPI 
ROOM NAME:  Alumni Gymnasium 
 
ROOM  DETAILS         
LENGTH OF ROOM (FT)  124.08    # OF OUTSIDE WALLS       2 
WIDTH OF ROOM (FT)  85    # OF OUTSIDE WALLS 2 
HEIGHT OF ROOM (FT)  28        
          
WINDOW DETAILS   SINGLE PANE      
TOTAL WINDOW AREA   591.7 SQ FT   
HEAT LOSS THROUGH WINDOWS 12486  
          
DOOR DETAILS    NO DOORS       
TOTAL DOOR AREA   0 SQ FT   
HEAT LOSS THROUGH DOORS  0  
          
WALL INSULATION   R6  
HEAT LOSS THROUGH WALLS  30860  
          
CEILING INSULATION   NO INSULATION   
HEAT LOSS THROUGH CEILING  191618 
 
      FLOOR TYPE INSULATION LEVEL  
CONCRETE SLAB ON GRADE  NO   N/A   
BASEMENT SLAB BELOW GRADE NO   N/A   
FRAME FLOOR     NO   N/A      
HEAT LOSS THROUGH FLOORS  0 
          
INFILTRATION TYPE  POOR   
INFILTRATION LOSSES  155795 
 
         
DESIGN TEMPERATURE DIFFERENCE  65 DEGREES FAHRENHEIT    
 
 
TOTAL ROOM HEAT LOSS = 390759 WATTS     
     1333660 BTUHS   
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9.6 Fitness Center 
CUSTOMER NAME: WPI 
ROOM NAME:  Fitness Center 
 
ROOM  DETAILS         
LENGTH OF ROOM ( FT )  51.375    # OF OUTSIDE WALLS 1 
WIDTH OF ROOM ( FT )  82.583    # OF OUTSIDE WALLS 1 
HEIGHT OF ROOM ( FT )  8        
          
WINDOW DETAILS   SINGLE PANE     
TOTAL WINDOW AREA   117.4 SQ FT   
HEAT LOSS THROUGH WINDOWS 1720  
          
DOOR DETAILS    NO DOORS       
TOTAL DOOR AREA   0 SQ FT   
HEAT LOSS THROUGH DOORS  0  
          
WALL INSULATION   R6    
HEAT LOSS THROUGH WALLS  2771  
          
CEILING INSULATION   NO INSULATION    
HEAT LOSS THROUGH CEILING  80640 
 
      FLOOR TYPE NSULATION LEVEL 
CONCRETE SLAB ON GRADE   NO  N/A   
BASEMENT SLAB BELOW GRADE  YES  NO INSUL.   
FRAME FLOOR      NO  N/A   
HEAT LOSS THROUGH FLOORS  29551 
          
INFILTRATION TYPE   POOR   
INFILTRATION LOSSES   18733 
 
         
         
DESIGN TEMPERATURE DIFFERENCE:  65 DEGREES FAHRENHEIT  
  
 
TOTAL ROOM HEAT LOSS = 128363 WATTS     
     438101 BTUHS     
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10 Appendix C: Heat Loss Calculations 
This appendix shows the heat loss calculations for a broken window pane 15 inches by 9 inches 
in Alumni Gym, all assumptions are stated. These equations came from the ASHRAE 
Fundamentals Handbook: 1993 
 
TQq
PyPPP
PACQ
swo
∆=
∆−−=∆
∆××=
08.1
2
ρ
 
 
Q: airflow in CFM 
C: discharge coefficient 
A: area of infiltration 
P∆ : change in pressure of the opening 
oP : static pressure at the base of the building inside 
wP : pressure due to wind velocity 
sP∆ : change in pressure due to the stack height, change in temperature 
y: height of the opening 
T∆ : change in temperature from out to in 
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pC : pressure coefficient 
outρ : density of outside air based on altitude and temperature 
SC : shielding coefficient, based on number of surrounding buildings, trees, etc. 
V: wind velocity 
metV : wind velocity at local meteorological station (Worcester Airport, KORH) 
α : an open space coefficient 
H: altitude of building 
metH : altitude of meteorological station (WPI and KORH are similar in altitude) 
γ: another open space coefficient 
P1: pressure inside the building 
P2: pressure outside the building 
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ρin=.0722 lb/ft3 
ρout= .0777 lb/ft3 
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KC *16.1=  
 
Where K is the exit parameter. For a straight opening, such as a hole in a window K=1, thus 
C=1.16.  
The area (A) is for one broken pane 15x9 inches. 
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Since V was measured in ft/s, Q is now in seconds, convert to minutes 
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The heat load for this loss is given by: 
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This correlates to: 
dayday
hr
hr
hrgalhr
gal
hr
gal
BTUS
gal
hr
BTU
217$2402.9$
02.9$90.1$75.4
75.4
840,123
588,000
=×
=×
=×
 
This is only for one window pane, if more than one pane is broken the cost per day is multiplied 
by the number of broken panes. For example on Sunday, February 18, 2007 it was observed that 
an entire window was gone from Alumni. Each window is made up of 12, 15x9 panes, so: 
$217*12 = $2600/day 
For the full broken window it costs $2,600 per day in fuel costs.  
